A series of magnesium containing mesoporous smectites has been prepared with and without incorporation of alkali hydroxide (NaOH, KOH or LiOH) and employed for the reaction of CO 2 with aminobenzonitrile to produce quinazoline-2,4(1H,3H)-dione. The effects of the quantity and kind of the incorporated alkali atoms on the catalytic properties of the smectites were investigated. Characterization of the smectites has shown that the incorporation of alkali atoms reduces their surface area and total pore volume but enhances the amount and strength of their basic sites. The product yield is increased with the content of alkali atoms incorporated. The incorporation of Li was less effective than Na and K for the enhancement of the yield. It has been suggested that weak and/or moderate base sites are responsible for the reaction. The active sites should be alkali hydroxide particles exsiting between the smectite layers for the alkali incorporated smectites, while Mg atoms and/or the neighboring O atoms for the un-incorporated smectite. The Na incorporated smectite was deactivated by repeated catalyst recycling, while such deactivation was not observed with the un-incorporated smectite. The reason for the deactivation was discussed in connection with the structures of the active sites and the actions of reaction intermediate.
acetate with methanol, Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate, and some other reactions relevant to chemical fixation of CO 2 to organic carbonate compounds. [31] [32] [33] [34] These observations led us to the use of alkali incorporated basic smectites for the synthesis of 2.
In the present study, a series of magnesium containing smectites into which various amounts of alkali hydroxide were incorporated were prepared and used for this reaction. The effects of the quantity and kind of the incorporated alkali atoms on the catalytic properties of the smectites were investigated. The reaction results were discussed in connection with the basic properties of the catalysts that were determined by temperature programmed desorption of adsorbed CO 2 . Table 1 lists the chemical compositions determined by an X-ray fluorescence method (XRF), BET surface areas, total pore volumes, and average pore diameter of the smectite catalysts prepared. Both the BET surface area and the total pore volume tended to decrease with the increasing amount of alkali atoms incorporated and the average pore diameter did not change with the content of alkali atoms, except for SM-Li that had a slightly larger average pore diameter. As already discussed, 34 the decreases of the BET surface area and the total pore volume can be explained by the presence of alkali hydroxide particles between the layers of smectite structure on the basis of a model of "smectite-intercalated smectite" proposed by Torii et al. 17, 18 The reaction of 1 and CO 2 were carried out using those smectite catalysts prepared. Fig. 1 plots the yield of product 2 against the amount of alkali atoms incorporated. The lowest yield was obtained with SM and it was increased with increasing the amount of Na incorporated. Similar enhancement in the yield was also observed with SM-K and SM-Li; however, Li incorporation was less effective for the enhancement in the yield compared to Na.
Results

Influence of catalyst composition on textural properties and catalytic activity
This may partly be explained by the formation of lithium silicate, 34 which is considered to be catalytically inactive. Such alkali silicate compounds were not observed to form for all SM-Na and SM-K samples. As shown in Table 1 , the BET surface area and the total pore volume tended to decrease with the increasing amount of alkali atoms incorporated. Those textural properties cannot explain the differences in the catalytic activity among the smectites used. The basic properties of them should be responsible for those differences. The basic properties of smectite catalysts synthesized were examined by TPD of adsorbed CO 2 . Fig. 2 shows the TPD profiles obtained. SM showed small CO 2 desorption peaks around 90 °C and 180 °C and all the SM-Na catalysts showed the ones around 100 °C and 250 °C. With increasing Na content, the intensity of the peak at 250 °C increased and tended to level off at larger Na contents. In addition to these two peaks, three peaks appear above 600 °C over SM-Na samples containing large amounts of Na and they grow with its content. CO 2 TPD profiles obtained with SM-K and SM-Li were slightly different from those over SM-Na. SM-K and SM-Li showed only one broad peak above 600°C and the latter catalyst also showed a peak at 480 °C, 34 which is not observed over the other catalysts. Thus, the peak intensity and temperature are different among the catalysts, meaning that the strength and the number of base sites vary with the composition of the catalysts. The peak around 100 °C was ascribable to both the desorption of CO 2 physisorbed and of CO 2 adsorbed on weak base sites; however, the contribution of physisorbed CO 2 to this peak would be small, because SM showed a smaller peak than SM-Na catalysts despite the former catalyst had a larger surface area than the latter ones (except for SM-Na-1), as listed in Table 1 . So, the peaks around 100 °C was assigned to the desorption of CO 2 adsorbed on weak base sites. Although conclusive definition was difficult, the peaks seen between 200 and 600 °C were tentatively assigned to the desorption of CO 2 adsorbed on moderate base sites, while the peaks above 600 °C to that of CO 2 adsorbed on strong base sites. Table 2 lists the amounts of these three-type base sites estimated from the peak areas in the TPD runs. Those structures will be discussed later. As shown above, the catalytic activity and the numbers of base sites of smectite increased with the content of alkali atoms. So, the relationship between the catalytic activity observed and the number of basic sites estimated from the peak area in the TPD runs was examined. The activity was correlated well with the amount of either weak or moderate base sites, as shown in Fig. 3 . No good correlation was seen with the amounts of strong base sites.
These findings strongly suggest that the weak and/or moderate base sites present on the smectite catalysts are responsible for the reaction and the presence of the strong base sites is not required for the reaction.
Influence of reaction conditions and catalyst recycling
The SM-Na-4 catalyst was selected and used for several reaction experiments by varying the reaction time or the CO 2 pressure. Fig. 4 illustrates the variation of the yield of 2 with the reaction time. It is seen that an excellent yield above 80% was achieved within 9 h but the yield increased marginally in a further longer reaction time of 16 h. The influence of CO 2 pressure on the reaction was studied ( Fig. 5 ). It was found that the CO 2 pressure had little effect on the product yield in a CO 2 pressure range between 1 and 4 MPa. Even at a lower pressure of 0.5 MPa, the decline in the yield was small. These results are similar to those obtained with DBU and Cs 2 CO 3 , 11,15 but different from those obtained with [Bmim]OH and MgO/ZrO 2 . 16, 18 With the former two catalysts, the product yield did not change so much at CO 2 pressures above 1 MPa. With the latter two catalysts, the product yield significantly decreased with lowering the CO 2 pressure below 3 MPa. Thus, the dependence of the overall reaction rate on the CO 2 pressure is different depending on the catalysts employed. one. Furthermore, the textural properties of the catalyst did not change so much by the recycling. These results suggest that the leaching of Na species occurred in the course of the reaction, causing the deactivation. The reaction runs were also carried out using SM-Na-4 samples pretreated at 130 °C for 16 h (corresponding to five-time recycling) in pure DMF under pressurized CO 2 or in a DMF solution of 1 in the absence of CO 2 . It was found that no deactivation occurred by these pretreatments, revealing the requirement of the co-presence of the reactants 1 and CO 2 for the catalyst deactivation. were the same as those for Fig. 1 .
The catalytic activity of the leached Na species was examined. After the reaction was carried out with SM-Na-4 for 3 h, it was filtered out from the reaction mixture. Then, the filtrate was further subjected to the reaction for a long time of 19 h. The yield of 2 produced was estimated to be 40%, revealing that the activity of the leached Na was about one fifth of SM-Na-4, which could produce 2 with a yield about 30% during the reaction for 3 h. 
Discussion
As shown in Table 2 , the incorporation of alikali atoms to SM significantly increased the amounts of base sites. Among SM-Na samples, the amount of weak base sites showed a maximum at a Na content of 1.8 atoms per a unit cell, but the difference due to the Na content was small. On the other hand, the amounts of moderately and strongly basic sites varied in wider ranges with the Na content than the weak base sites. The amount of moderately basic sites leveled off at a certain Na content around 1.8 atoms per a unit cell, and from this content level, the amount of strongly basic site started to increase appreciably. In our previous work, 29 the features of base sites were discussed and the weak, moderate, and strong base sites were assigned to the surfaces of the smectite layers free from alkali atoms, alkali hydroxide particles having weak or no interactions with the layers, and the ones strongly interacting with the layers, respectively. However, comparison of SM and SM-Na-1 in Table 2 clearly showed that the amount of weak base sites was also significantly increased even with a small amount of Na incorporation. If the weak base sites are free from Na atoms, such a change could not be observed. So, the assignments for the weak and moderate base sites were reconsidered and modified. Here, the weak base sites were assigned to both the surfaces of the smectite layers free from alkali atoms and alkali hydroxide particles not interacting at all with the smectite layers, while the moderate ones were assigned to the particles weakly interacting with them.
Tanking into account the difference in the amount of the weak base sites between SM and SM-Na-1, the contribution of the alkali free surfaces of the layers to this type of base sites would be small over SM-Na-1. As shown in Fig. 3 , the yield of 2 was well correlated to both the amounts of the weak and moderate base sites. It can be said that alkali hydroxide particles have a crucial roll for the synthesis of 2.
Our group has reported that, over alkali-incorporated smectite catalysts, moderate base sites are responsible for the transesterification reactions of ethyl acetate and propylene carbonate with methanol, while both moderate and strong base sites are responsible for the cycloaddition of CO 2 to propylene oxide and the one-pot synthesis of dimethyl carbonate from CO 2 , methanol and propylene oxide. 31, 32, 34 Thus, the types of base sites contributing to the title reaction are different from the ones to those reactions previously studied. Scheme 2 illustrates the reaction mechanism for the title reaction previously proposed for several different base catalysts. [11] [12] [13] [14] [15] [16] [17] The base catalysts promote the reaction between the amino group of 1 and CO 2 to produce a carbamate species, which is finally converted to the product 2 through the nucleophilic cyclization and the rearrangement by way of the isocyanate intermediate. Usually, the reaction of CO 2 with the amino group directly attached to a phenyl ring, for example the amino group of aniline, is more difficult than the one attached to an alkyl chain. The promotional effect of the base on this difficult reaction step would in turn result in the strong interaction between the base and the resultant carbamate species. In the cases of alkali incorporated smestites, alkali hydroxide particles would interact strongly with the intermediate carbamate. As described above, SM-Na-4 was deactivated with decrease of the Na content in the catalyst on the repeated catalyst recycling and the deactivation was not observed with the pretreatments in the absence of either the reactant 1 or the other reactant of CO 2 . The strong interaction of the alkali particles with the carbamate would cause the dissolution of the alkali species into the solvent, resulting in the catalyst deactivation. It should be noted that the alkali incorporated smectite could be recycled without loss in the activity for the transesterification of ethylene carbonate with methanol. 28 Thus, the recyclability of the alkali incorporated smectite depends on the reaction for which it is employed. Scheme 2 A reaction mechanism proposed so far for the quinazoline-2,4(1H,3H)-dione synthesis from CO 2 and benzonitrile. [11] [12] [13] [14] [15] [16] The catalyst deactivation by the recycling use was not observed with SM ( Fig. 5 On the basis of the aforementioned discussion, the active sites over SM-Na for the title reaction can be illustrated as Fig. 7 . There are two types of the active sites. The first and second sites involve Mg atoms in the octahedral sheet and NaOH particles existing on the surface of the tri-layer, respectively. A certain fraction of the NaOH particles weakly interact with the layer. The activity of SM-Na almost depends on the number of the second sites.
Naturally, the active sites of SM are the first type. Fig. 7 Active sites over SM-Na catalysts. Table 3 compares the present catalyst of SM-Na-4 with those in the literature for the synthesis of 2 from 1 and CO 2 . The organic bases, Cs 2 CO 3 , and [Bmim]Ac could be used at lower temperatures and/or lower CO 2 pressures (entries 1-5 and 7). One of the reasons for this would be the homogeneous nature of them. TBA 2 [WO 4 ] was also more active than SM-Na-4 (Entry 9). Considering the differences in the reaction conditions, the activity of SM-Na-4 is comparable with [Bmim]OH and MgO/ZrO 2 (entries 6 and 8). It should again be noted that [Bmim]OH and MgO/ZrO 2 gave lower yields of 2 at lower CO 2 pressures, while such a decrease in the yield by lowering CO 2 pressure was small for the reaction with our SM-Na-4 catalyst (Fig. 5 ). As shown above, the incorporation of alkali hydroxide into smectite greatly enhanced the catalytic activity for the title reaction. This was attributed to the formation of alkali hydroxide particles between the smectite layers. Unfortunately, the catalytic activity was decreased by the repeated use because of the dissolution of the active alkali species into the solvent. The stability of the catalyst may further be improved by optimizing preparation conditions and incorporation of different metal cations into the octahedral sheet and/or the interlayer. Those aspects are open for further interesting work. A few groups employed supercritical CO 2 , water, or an ionic liquid as a green solvent for the title reaction. 11, 16, 17, 20 The use of the smectite catalysts in those media is also interesting and worth investigating in future.
Conclusions
In the present study, a series of magnesium containing mesoporous smectites (SM, M-Na, SM-K, SM-Li) has been prepared with and without incorporation of alkali hydroxide and employed for the synthesis of 2. The incorporation of alkali atoms reduces their surface area and total pore volume but enhances the amount and strength of their basic sites. The product yield is increased with the content of alkali atoms incorporated. The incorporation of Li is less effective than Na and K for the enhancement of the yield. It has been suggested that weak and/or moderate base sites involving alkali hydroxide particles existing between the smectite layers are responsible for the reaction. The Na incorporated smectite is deactivated by the repeated catalyst recycling because of the dissolution of the Na species into DMF. Such a deactivation is not observed with SM. It has been proposed that there is strong interaction between NaOH particles and the reaction intermediate species of carbamate, resulting in the catalyst deactivation.
Experimental
Synthesis of smectite catalysts
A smectite catalyst was synthesized with a hydrothermal method in which water glass (SiO 2 28%, Na 2 O 9%) was used as the starting material. Water glass (12.9 g) was dissolved in 30 Several smectites incorporated with alkali hydroxides were also prepared in a similar manner in which some amount of sodium, potassium or lithium hydroxide was added to the slurry of Si-Mg precipitates before the hydrothermal treatment. The procedures for these alkali incorporated smectites were described in elsewhere. 27 These catalysts are abbreviated as SM-Na-n (n = 1-5), SM-K, and SM-Li. The chemical compositions of the smectite catalysts prepared were determined by an X-ray fluorescence method and listed in Table 1 .
Characterization of catalysts
X-ray powder diffraction (XRD) patterns of the smectite samples prepared were recorded on a JEOL JDX-8030 diffractometer using Ni filtered Cu-K radiation. The samples were scanned in the range of 2-70° with a step of 0.02°. BET surface area, total pore volume, and pore size distribution were obtained from nitrogen adsorption-desorption isotherms at -196 °C with a Nova 1200 automatic physisorption instrument (Quantachrome Corporation). The samples were degassed at 100°C under vacuum for 30 min prior to the measurements.
Basic properties of the catalysts were measured by temperature programmed desorption (TPD) of adsorbed CO 2 using a conventional flow reactor. After a stream of 20 vol.% CO 2 -He mixture was passed over 0.2 g of a catalyst sample at room temperature for 20 min, gases in the reactor were flushed with a helium stream. Then the temperature was ramped at a heating rate of 10 K/min up to 900 °C. The effluent from the reactor was analyzed by mass spectrometry.
Catalytic reaction
The synthesis of 2 was carried out in a 50 cm 3 autoclave. In a typical run, the reactor was 
